We studied the influence of vitamin E on intramuscular collagen characteristics and on metacarpal growth plate evolution in suckling lambs. Twenty-four 5-d-old Ile de France suckling male lambs were divided into four equal weight groups, and weekly i.m. injections of DL-a-tocopheryl acetate (Control group, 0 IU; Group 1, 625 IU; Group 2, 1,000 IU; and Group 3, 1,500 IU) were given until the lambs were 33 d old. Blood samples were withdrawn for plasma a-tocopherol, cholesterol, and triglyceride analyses when the lambs were slaughtered at 40 d of age. Hot carcass weight, metacarpal and metatarsal bone characteristics, and metacarpal growth plate width were measured. After 24 h at 2 to 4°C, semitendinosus muscles were removed for intramuscular collagen analyses. Weight was not influenced by treatment, but lambs in Group 1 had a higher ( P < .01) intramuscular collagen content than the other groups. A positive quadratic correlation was found between total collagen and vitamin E doses ( r = .511; P < .05). Amount and percentage of soluble collagen increased in muscles of all three vitamin E-treated groups compared with the control group. However, hydroxylysyl pyridinoline concentration decreased with vitamin E injection, but the difference compared to control lambs was only significant for the group injected with 1,000 IU. Amount of soluble collagen was strongly correlated to total collagen concentration ( r = .879; P < .0001). It was also related to the a-tocopherol/(cholesterol + triglycerides) ratio in plasma ( r = .431; P < .04). However, the correlation between soluble collagen percentage and a-tocopherol concentration in plasma was not significant ( r = .369; P < .08). Bone length, weight, and diameter did not change, but the thickness of metacarpal growth plate increased as the DLa-tocopheryl acetate dose increased; in Groups 2 and 3, the growth plate was significantly wider than in Group 1 and the controls. Growth plate width correlated with a-tocopherol/(cholesterol + triglycerides) ratio in plasma ( r = .481; P < .02).
Introduction
Vitamin E is a major lipid-soluble antioxidant, and one of its primary functions is related to the maintenance and protection of biological membranes against lipid peroxidation (Davies, 1988; Buckley et al., 1995) . However, contradictory data regarding the effect of vitamin E on collagen synthesis exists, and few studies have reported its influence on cartilage development. An inhibitory effect of vitamin E on collagen production was found, in different rodent tissues, in vitro (Satterfield et al., 1988) and in vivo (Ehrlich et al., 1972; Denis, 1995; Pietrangelo et al., 1995) . Conversely, other authors found that vitamin E increased hepatic hydroxyproline content in rabbits ( Ö mer et al., 1989) and partially restored collagen synthesis in primary cultures of avian epiphyseal chondrocytes (Watkins et al., 1996) .
The influence of vitamin E on intramuscular collagen characteristics has not been studied, but the relationship is of interest because connective tissue is a major determinant of meat texture (Bailey, 1989) . Meat quality could be indirectly related to growth plate width because the extent of skeletal development plays a significant role in muscle growth and composition of gain at a given weight (Thonney, 1987; Field et al., 1990) .
Various doses of vitamin E have been administered parenterally or in diets of sheep, and effects on muscular lipid peroxidation and storage life have been studied (Salvatori et al., 1995; Wulf et al., 1995) . To our knowledge, no work has been conducted to assess the influence of vitamin E supplementation on intramuscular connective and cartilage tissues in sheep. Thus, the purpose of the present study was to determine the effect of three levels of DL-a-tocopheryl acetate injections on intramuscular collagen characteristics and on metacarpal growth plate evolution in suckling lambs.
Materials and Methods

Animals
Twenty-four 5-d-old Ile de France suckling male lambs were divided into four equal weight groups. The lambs used for the study were born and raised as singles. During the experimental period, the lambs were weighed before and after each suckling bout. Lambs were housed in an open-air barn, and care was taken to avoid causing discomfort to the animals. Each week, from the beginning of the study until d 33 of age, the lambs received intramuscular injections, in the left gluteus, of various doses of DL-a-tocopheryl acetate in aqueous solution (Lugaresi, Bologna, Italy). The total doses for lambs were as follows: 0 IU (Control group), 625 IU (Group 1), 1,000 IU (Group 2), and 1,500 IU (Group 3). Control group lambs were given injections of physiological saline.
Sample Collection and Analysis
Immediately prior to slaughter, blood samples from all animals were withdrawn by jugular venipuncture, into 7-mL Vacutainers (protected from light) containing lithium heparin (Becton and Dickinson Italia, Milan, Italy) . The blood samples were centrifuged at 1,000 × g for 15 min at 4°C; the plasma obtained was frozen until it was analyzed for a-tocopherol, cholesterol, and triglycerides. Chemical analysis for plasma a-tocopherol was performed, using the procedure of Vuilleumier et al. (1983) . The HPLC was equipped with a Kontron 450 MT2 (Kontron Instruments, Milan, Italy) data system and with a normalphase column ( 5 mm; 25 cm × 4.6 mm; Phenomenex, Torrance, CA).
Colorimetric enzymatic methods were used to measure cholesterol and triglycerides (Kodak Ektachem DT Cholesterol and Triglycerides Kits; Johnson & Johnson, Clinical Diagnostics, Milan, Italy) employing a Kodak Ektachem DT II analyzer (Kodak, Clinical Diagnostics, Rochester, NY) .
The animals were conventionally slaughtered at 40 d of age; hot carcass weight was measured and expressed as a percentage of final weight. Right metacarpal and metatarsal bones were collected at slaughter, cleaned of all connective tissue, and measured for length, fresh weight, and diaphyseal diameter; epiphyseal plate thickness was measured after silver nitrate staining (Hinds, 1959) . Five longitudinal slices ( 2 mm thick) at the distal end of the metacarpal from each lamb were cut on the sagittal plane; three width measurements per bone slice were made, upon microscopic examination, on different anatomical locations ( Ô, Ø, and ã the distance across the bone slice), and the 15 measurements for each metacarpal growth plate were averaged.
After 24 h at 2 to 4°C, semitendinosus muscle samples from the right side of each carcass were removed, packaged, and stored frozen ( −40°C ) for analyses of collagen concentration, solubility, and crosslinking.
Samples for determination of collagen concentration were trimmed of fat and epimysium, lyophilized for 48 h, weighed, and hydrolyzed in Duran tubes in 6 N HCl at 110°C for 18 to 20 h (Etherington and Sims, 1981) . Hydroxyproline ( Hyp) content from all tissue hydrolyzates was determined colorimetrically (Woessner, 1961); collagen content was calculated assuming that collagen weighed 7.42 times the measured Hyp weight (Maiorano et al., 1993) . Freeze-powdered subsamples were heated for 70 min at 77°C in quarter-strength Ringer's solution (Hill, 1966) . Following centrifugation, the supernatant was collected and hydrolyzed (Etherington and Sims, 1981) , and Hyp was determined (Woessner, 1961) . Percentage of soluble (heat-labile) collagen was calculated by dividing the supernatant collagen by the total collagen content and multiplying by 100.
For crosslinking analysis, intramuscular collagen was isolated according to Fujii and Murota (1982) , and 100 mg (wet weight) was hydrolyzed in 6 N HCl (Etherington and Sims, 1981) . Hydroxylysyl pyridinoline ( HP) crosslinks in muscle hydrolyzates were concentrated, purified by selective elution from a CF1 cellulose column (Skinner, 1982) , and quantified following the HPLC procedure developed by Eyre et al. (1984) , using the same HPLC instrument used for atocopherol analysis but with an Altex (Beckman Instruments, Fullerton, CA) Ultrasphere-ODS (C-18; small pore; 4.6 × 250 mm) column. The HP identification was made by comparison with a purified HP standard, which was prepared in our laboratory from bovine articular cartilage, and the known relationship between the elution time of HP and pyridoxamine·2HCl added as internal standard to the eluent containing HP (Eyre et al., 1984) . The HP residue concentration in tissue samples was calculated based on the concentration of collagen in each hydrolyzate assuming that the molecular weight of collagen is 300,000 and the molar fluorescence yield of pyridoxamine is 3.1 times that of HP (Eyre et al., 1984) ; it was expressed as moles of HP per mole of collagen. 
Statistical Analysis
Differences between means were detected with oneway analysis of variance using the GLM procedure of the SPSS statistical package (SPSS, 1996) . Relationships among variables were evaluated with simple linear regression analysis (SPSS, 1996) .
Results and Discussion
The average amount of milk taken by the lambs during the study period was not significantly different among experimental groups. No differences in final weight, carcass weight, or dressing percentage existed among the four groups (Table 1 ). This disagrees with findings by Gentry et al. (1992) , who found that Suffolk lambs injected with 900 IU of D-a-tocopherol at birth were heavier at 30 d of age. To the contrary, Birch et al. (1994) observed a lower carcass weight and a negative effect on carcass wholesale cut weights in fine-wool wether lambs treated with a single-dose injection of D-a-tocopherol (1,500 IU). Njeru et al. (1992) observed no effect of several dose levels of vitamin E, injected i.m., on lamb body weight. Wether lambs fed supplemental vitamin E in the diet also had weight gains similar to those of controls (Wulf et al., 1995) . Differences in vitamin E effects on lamb growth performance may be due to different animal genotype. Asadian et al. (1996) observed that ram lambs of three Iranian fat-tailed sheep breeds had different vitamin requirements.
Intramuscular collagen properties for semitendinosus muscle are presented in Table 2 . Collagen concentration increased ( P < .01) in lambs injected with 625 IU of DL-a-tocopheryl acetate, with a concomitant increase in salt-soluble collagen. Because the soluble collagen contains recently synthesized collagen (Bodwell and McClain, 1971) , the increase in collagen amount was probably due to an increase in the rate of collagen biosynthesis, as reported by Wu et al. (1981) , Miller et al. (1987) , and Abouheif et al. (1995) .
There was a positive quadratic correlation between total collagen and vitamin E dosage ( r = .511; P < .05). Barja et al. (1996) also showed that a high dose of vitamin E is not more effective than an intermediate one for optimal protection against lipid peroxidation. Moreover, they found a loss of fatty acid unsaturation in guinea pig livers with both low and high doses compared with medium level doses.
Vitamin E has been reported to increase the tenderness of pork (Cannon et al., 1995; Dirinck et al., 1996) , but Arnold et al. (1992) and Mitsumoto et al. (1995) observed that vitamin E supplementation did not alter shear value of beef. However, no references are available on the effect of vitamin E on intramuscular collagen. An increase in hepatic hydroxyproline content has been observed in rabbits following the supplementation of vitamin E to a cholesterol-rich diet ( Ö mer et al., 1989) . Moreover, Watkins et al. (1996) observed that vitamin E partially restored collagen synthesis in primary cultures of avian epiphyseal chondrocytes when the liver was deficient in linoleate. An inhibitory effect of vitamin E on collagen production was found in experimental models in which fibrogenesis was natural (Ehrlich et al., 1972) or induced (Denis, 1995; Pietrangelo et al., 1995) .
Quantity and percentage of soluble collagen were greater in lambs injected with 625, 1,000 ( P < .01), and 1,500 ( P < .05) IU of vitamin E than in controls (Table 2 ), but soluble collagen concentration was the greatest ( P < .01) in Group 1. The percentage of soluble collagen was greater ( P < .01) in Group 2 than in Groups 1 and 3.
Amount of soluble collagen strongly correlated to total collagen concentration ( r = .879; P < .0001) (Figure 1 ). The positive relationship between total and heat-soluble collagen agrees with Dransfield (1977) , who reported a similar correlation in 18 beef muscles. Also, Maiorano and Nicastro (1994) observed that an increase in solubility corresponded with the highest total collagen concentration in longissimus thoracis muscles of Chianina males slaughtered at various ages or fed different energy levels.
Vitamin E injections modified collagen crosslinking; however, only HP concentration at the 1,000 IU dose was less ( P < .05) than the control. Differences among treated groups were not significant. Intramuscular collagen amount and maturation are regarded as Figure 1 . Linear correlation between total collagen concentration and soluble fraction in muscle. primary factors contributing to meat toughness (Bosselmann et al., 1995) . Stabilization of the collagen fiber network through the HP crosslink is manifested by decreased solubility (Bailey, 1984; Young et al., 1994) . In the present study, the most desirable vitamin E effect in regard to textural meat properties was the intermediate dose: the collagen of these animals was more soluble and less crosslinked. Figure 2 shows a .43 correlation between the soluble collagen percentage and the a-tocopherol/ (cholesterol + triglycerides) ratio, which is a better indicator of vitamin E nutritional status than plasma a-tocopherol concentration (Thurnham et al., 1986) . However, the correlation between soluble collagen percentage and a-tocopherol plasmatic concentration was not significant ( r = .369; P < .08).
Bone characteristics (length, weight, and diameter) did not change, but a significant vitamin E effect was present for thickness of the metacarpal growth plate (Table 3) , the site of longitudinal bone growth. In fact, the increase in thickness of the growth plate was proportional to DL-a-tocopheryl acetate dose. In Groups 2 and 3, the growth plate was wider than in the other two groups ( P < .05). However, growth plate width of our control lambs was .11 mm thinner than it was for 42-d-old Massese wether lambs . This difference may be due to different genotypes. Oberbauer et al. (1989) found a different growth plate thickness in Dorset than in Suffolk rams. Figure 3 shows how growth plate width correlated ( r = .481) with the a-tocopherol/(cholesterol + triglycerides) ratio in plasma ( P < .02).
The effect of vitamin E on chondrocytes was observed by Xu et al. (1995) in chicks fed two levels of DL-a-tocopheryl acetate and two dietary lipids. In their study, the thickness of the entire growth plate cartilage and of the lower hypertrophic chondrocyte (mineralized) zone was significantly wider in animals fed the greater level of vitamin E. The authors maintained that the increased thickness of the miner- Figure 3. Linear correlation between vitamin E/ (cholesterol + triglycerides) ratio in plasma and growth plate width.
alized zone may be due to decreased cartilage resorption and phagocytic activity on the metaphyseal side. These findings are in agreement with Watkins et al. (1996) , who suggested that vitamin E may be vital for protecting membranes of chondrocytes during maturation and differentiation as well as benefiting chondrogenesis and bone growth. Also, Schwartz (1979) reported that vitamin E affects cartilage metabolism, having a positive effect on stabilization of sulfated proteoglycans incorporated into the cartilage matrix.
Data from the present study suggest that metacarpal growth plate cartilage in lambs may be sensitive to vitamin E supplementation. As suggested by Xu et al. (1995) and Watkins et al. (1996) , vitamin E protects chondrocyte membranes from lipid peroxidation, and the consequent reduction of free radical generation probably inhibits the cartilage resorption.
In addition, because the longitudinal growth of bone depends on the activities of individual chondrocytes of the growth plate (Hunziker et al., 1987) , decreased rate of cartilage ossification in treated lambs could influence their successive bone development. Nevertheless, in this experiment the early slaughter age of the animals did not allow for observation of mature frame size differences.
Implications
Multiple intramuscular injections of vitamin E, given in adequate form and doses, influence intramuscular collagen characteristics and growth plate development in suckling lambs. In fact, 1,000 IU of DLa-tocopheryl acetate improved collagen solubility and reduced crosslinking, which could affect meat tenderness. Moreover, vitamin E increased growth plate width in proportion to the doses. Our findings suggest that vitamin E nutritional status, expressed as a vitamin E/plasma lipid ratio, is correlated with intramuscular collagen solubility and with metacarpal growth plate ossification in suckling lambs. 
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